Replication-based nanofabrication techniques offer rapid, cost effective ways to produce nanostructured devices for a host of applications in engineering, biological research and beyond. In this work we developed a method to replicate ultra high aspect ratio (UHAR) nanopillars by injection molding with failure rates lower than one pillar in a thousand. We provide a review of the literature in which replication of difficult micro-and nanostructures is facilitated through the use of different tooling materials and surface coatings, before describing the non-adhesive surface coatings which we used to translate a previously developed technique from low to high aspect ratios. This development involved a systematic study of nine different surface coatings on polymer tooling initially patterned by nanoimprint lithography. Using this method we were able to produce injection moulded pillar-like nanostructures with aspect ratios of up to 20:1, more than 6 times that reported elsewhere in the literature for this type of feature.
Introduction

High aspect ratio nanostructures
Many potential applications of nanostructured surfaces require structures which have aspect ratios (ratio between height and width) that exceed those normally required for general nanofabrication processes such as electronic devices where the thickness each layer of a device tends to substantially less than its lateral dimensions [1] . Despite the fact that it is often technically challenging to build something much taller than it is wide, there are many examples of high aspect ratio (HAR) nanostructures in the literature focused on the pursuit of various applications. Bioinspired non-reflective [2] , superhydrophobic [3] and dry adhesive [4] surfaces all require nanostructures with aspect ratios greater than 1:1 and there are also several applications in cell biology research [5] [6] [7] .
Injection moulding of nanostructures
Injection moulding is a well established mass production tool for polymeric products of all shapes and sizes which is now drawing the attention of companies and researchers who seek to utilise this high throughput fabrication technique to produce devices with nanoscale dimensions [8] . Much of this research has focussed on the materials which comprise the injection moulder tooling (i.e. the mould itself and particularly its surface) due to limitations on the minimum attainable feature size imposed by the rapid rate at which the injected polymer cools upon contact with the mould surface. Despite being intrinsic to the speed at which replicas can be produced, conventional metallic (usually steel or nickel) tooling conducts the heat away from the molten polymer so quickly that a frozen skin layer forms before it is able to fully fill nanoscale cavities in the mould. Two main schools of thought exist as to how best to combat this problem. They are variothermal injection moulding and heat transfer retardation techniques. Variothermal techniques use elaborate mechanisms that require the incorporation of plumbing or electrical systems into the construction of the tool, with these additions being used to heat and cool the tooling surface at the appropriate times in order to aid the filling of micro and nanostructures [9, 10] . Heat retardation techniques offer a simpler approach where the tool is made of a thermally insulating material which provides a slower rate of cooling for the polymer, particularly at the mould surface, improving its chances of filling nanoscale cavities before freezing. Table  1 provides a list of tooling solutions found in the literature which have been employed in the replication of micro-and nanostructures by injection moulding where the emphasis of the work has been on the tooling material or method of variothermal implementation. Abbreviations of polymer names in table 1 refer to: poly (carbonate) (PC), poly (propylene) (PP), cyclic olefin copolymer (COC), poly (styrene) (PS), acrylonitrile butadiene styrene (ABS), polyimide (PI), poly (methyl methacrylate) (PMMA), poly (urethane acrylate) (PUA), polyethylene terephthalate (PET), polyvinyl alcohol (PVA) and polyether ether ketone (PEEK).
Surface coatings
In other replication based micro and nanofabrication techniques, such as hot embossing and nanoimprint lithography (NIL), the addition of non-adhesive surface coatings is a common method used to aid both the filling of moulds and the subsequent demoulding of the replica [30] [31] [32] . These have not been explored extensively in the sphere of injection moulding so it is useful to examine the wider literature for evidence of their beneficial effect. In a NIL process surface coatings can greatly improve results through the reduction of surface energies and resulting interfacial friction which occurs at the critical moment when the master and replica are separated [33] . These forces, which are amplified at higher aspect ratios, can lead to the structural failure of features on both the master and moulded or imprinted product [34] . A list of relevant works demonstrating the use of non-adhesive coatings in NIL and injection moulding is provided in table 2.
From these examples, it is clear that non-adhesive surface coatings are a vital addition to any replication based fabrication process, and while fluorosilanes appear to offer a solution in most situations, they may require some optimisation of their composition [31] or prove inferior to metals in some cases [22] . There is probably no one-coating-fits-all solution, but indicative techniques such as water contact angle analysis can guide the way to design and interpret the practical development of potential tooling solutions.
Summary and outline of the work documented in this paper
The paper documents the development of a technique to facilitate and improve the replication of HAR nanostructures by injection moulding. It describes how initial attempts were made to translate a previously developed process [29] from low to high aspect ratio, before incorporating non-adhesive surface coatings to address the limitations of this process. After promising initial results a systematic study was undertaken to evaluate ten potential surface treatments under the criteria of the number of successfully replicated pillars, their height and how straight they were. These results are discussed and the most promising coatings identified. Relevant methods and choice of materials are also discussed. ). Given that the very essence of injection moulding is founded in efficiency in an industrial production setting, it was central to the validity of this work that the techniques developed be in line with these values. This is why such an industry standard machine was chosen.
Materials and methods
Injection moulding
Tooling
The bulk of the injection moulder tool was comprised of tool hardened steel shaped to produce samples measuring approximately 25 × 25 × 2 mm. One 25 × 25 mm face of the tool contained a frame into which were inserted nanopatterned inlays made from a 740 µm thick PI substrate (Cirlex®, Katco UK) covered in 20-40 µm of SU-8 3000 series photoresist (Microchem Corp.) patterned by NIL.
Fabrication of master for NIL
The master was fabricated from a 25 × 25 × 1 mm quartz. 100 nm diameter circles on a 500 nm pitch were written in PMMA resist by electron beam lithography (EBL) in a Vistec VB6 UHR EWF beam writer. 100 nm of NiCr was deposited on the developed PMMA structure by electron beam evaporation using a Plassys MEB550S metal evaporation tool and lift-off performed in acetone at 50 °C. The HAR nanopillars were formed by transferring the NiCr dot pattern into the quartz substrate by reactive ion etching (RIE) using CHF 3 /Ar plasma in an Oxford 80+ RIE dry etch tool. The thickness of the NiCr hardmask was selected for the reason that it allowed slight overetching at each feature's periphery, resulting in sidewall angle of around 5° from the vertical which was required by the subsequent NIL process to reduce friction during demoulding and thereby prevent master failure through pillar breakage. Sidewall angles of this order are often applied to conventional injection moulder tooling in order to improve the release of moulded parts. It was found that masters etched with a more vertical profile suffered from catastrophic pillar breakage during NIL. Interfacial friction during NIL was further reduced by the application of a monolayer of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TPFS) to the surface of the master by vapour deposition. 
Patterning of inlays by NIL
Inlays were fabricated by a refined version of the process developed in an earlier work [29] with the main difference being that the resist was not spin coated, but left as a blob right up until the imprint stage. This amendment, combined with application of the master slowly at an angle, helped to reduce the likelihood of air bubble formation. Specifically, inlay substrates were machined from a sheet of 740 µm thick Cirlex and exposed to O 2 plasma at 200 W for one minute to improve adhesion. A blob of SU-8 3050 measuring approximately 5 mm in diameter was deposited on the substrate directly from the bottle before the sample was softbaked at 100 °C for 2-3 hours to remove solvent content. Thermal UV NIL was conducted on a hotplate at 96 °C using a custom built apparatus designed to expose the SU-8 through the quartz master with i-line (365 nm wavelength) UV radiation. After the master was slowly lowered face down onto the SU-8 blob, the apparatus was placed on top of the mastersubstrate assembly and was left for 5 minutes to allow the resist to spread across the substrate and fill all the space between the nanoscale features of the master. The 5 W UV LED inside the NIL apparatus was then switched on for 4 minutes to initiate curing of the SU-8 by simultaneous UV exposure and heating. After this time the apparatus was removed and the sample and substrate were carefully separated with a razor blade. This separation was conducted on the hotplate at imprint temperature to prevent any stress being caused by differences in thermal expansion between the two materials. After NIL inlays were oven baked at 180 °C for 1-3 hours to further harden the SU-8. It was found that the omission of this step would result in cracking of the SU-8 surface during injection moulding.
Choice of coatings and methods of application
In light of the beneficial effect of surface coatings reported in the literature for injection moulding and other replication based fabrication techniques such as NIL [30] , a total of nine distinct non-adhesive coatings were tested alongside an uncoated inlay. These were: Ni, Ti, SiO 2 and Si 3 N 4 , each with and without an additional TPFS monolayer, as well as TPFS alone. Some coating choices were based on successes reported in the literature. These are briefly summarised in table 3.
Unfluorinated nickel was added to the list due to its widely accepted use as standard injection moulder tooling and uncoated inlays were included as a control. Untreated SiO 2 , Si 3 N 4 and fluorinated Ti were included to fill in the blanks and ensure that a thorough assessment of the effects of fluorosilane layers on replication performance would be possible. The coatings were applied in a number of ways as detailed in table 4.
SEM imaging and quantitative assessment of nanostructure replication
Pillar replication success rate was quantified by image analysis of scanning electron microscope (SEM) images of injection moulded samples, sputtered with ~10 nm Au/Pd taken perpendicular to the sample surface (i.e. top-down). Images were thresholded and converted to a black and white binary format before successfully replicated features were counted using ImageJ image analysis software. A feature was considered to be successful if it had sufficient contrast to its surroundings and was not touching or overlapping any of its neighbours (identified by having an area outwith the range 7800 to 50 000 nm 2 ) as illustrated by figure 1. For each of the four patterned areas, at least three images on two samples (six total, but usually more) were captured. A value of success rate for each image was obtained by dividing the total number of features present by the ideal number that would be visible at that magnification. Mean values were obtained by averaging together the values extracted from each image.
The important thing to consider when interpreting the success rate data is that the stumps produced by replication of broken pillars on the stamp or those with low height due to poor filling will usually appear to be just as successful as perfectly formed pillars, provided there was sufficient featurebackground contrast which was usually the case. In these instances it is particularly important to cross reference success rate with height data. Additionally, in the case of pillars leaning to one side, the difference between a success and a failure (a pillar not touching or touching its neighbour) may be the matter of only a few nanometres. Because of this a small amount of variability across one pattern area may lead to large variations in image-to-image success rate.
Circularity data was extracted from the same images as success rate data using results from the same analysis technique with the exception that averages were calculated using the values of all successful features across all images rather than on an image-by-image basis. Circularity used in this way is not an assessment of the actual cross-sectional shape of pillars, but rather an indication of how much the pillar deviates from the z-axis, with a perfectly straight pillar giving a value of 1.0. The fact that circularity data only exists for successful features means that it is more a measure of perfection than success and should be considered as a bonus to any strong combination of height and success rate.
Analysis by transmission electron microscopy
Transmission electron microscopy (TEM) was used to evaluate the consistency of some types of surface coating after injection moulding had been performed. Inlays were coated with platinum before thin slices were cut from nanopatterned areas with a focused ion beam (FIB) tool. These sections were examined by TEM to obtain a detailed crosssectional perspective of the HAR cavities in the inlay and enable elemental mapping to help to determine the coverage of surface coatings.
Analysis by atomic force microscopy
Pillar height was measured by atomic force microscopy (AFM) across 3 or 5 µm gaps in the pillar array which were included for this purpose. Height was calculated as the difference between the height values of this gap region and the modal height of the peaks of the surrounding pillars. This processing was performed in MatLab. Heights of less than 200 nm were ignored to remove the contribution made by stumps of broken pillars on the master because it was not feasible within a reasonable time frame to locate and take measurements of exclusively 100% defect free areas. Each sample was measured in 4-8 locations and at least two samples produced with each differently coated inlay were measured
Results
Consistency of inlay coatings
TEM analysis of fluorinated SiO 2 and Si 3 N 4 coated inlays was conducted after injection moulding work was complete and the inlays had been cleaned by soaking in N-Methyl-2-pyrrolidone (NMP) at 50 °C overnight. Figure 2 shows an overview of a slice cut from the SiO 2 +TPFS coated inlay accompanied by element maps that reveal information about the coating. In figure 2 it appears from the overview that HAR holes are only about 60% of the depth that would be expected given the height of the pillars on the NIL master (975 nm). It is possible that injected polymer accumulated at the bottom of holes and were not cleaned properly due to the cleaning solvents not penetrating sufficiently far down the narrow holes. It is, unfortunately, impossible to tell the difference between the SU-8 of the tooling and the injected PC because their elemental content is so similar. The elemental maps are also highly revealing, indicating that the SiO 2 coating does not penetrate much more than 100 nm down the side of the hole, probably due to the diffusion limiting nature of the geometry. These observations were consistent across all holes examined and Si and N element maps performed on the Si 3 N 4 + TPFS inlays showed the same thing. Although this problem was not resolved, the results presented in section 3.3 show that the coatings still made a substantial difference to replication success and pillar height.
Replication of nanopillars without surface coatings
The first attempts to replicate HAR nanopillars were made without the addition of surface coatings. Some results obtained from these attempts with PC are shown in figure 3 . Pillars with diameters of around 140 nm were consistently well formed, but those with diameters of 100 nm and below were not. As shown by the SEM image in figure 3(c) , sub-100 nm structures either did not fill or were broken off except in cases where four adjacent pillars seemed to coalesce, resulting in wider, highly stretched pillars. This pillar joining was most likely present due to bending/breakage of pillars on the stamp during the patterning of inlays by UV-NIL. Pillars made with moulds originating from a stamp with 100 nm diameter features were highly inconsistent and thinned by stretching at melt temperature (T m ) = 260°C and tool temperature (T w ) = 65°C ( figure 3 (b) ) and were slightly thinned with a slight bend and tails at the tips when moulded at T m /T w = 280/80°C ( figure 3(d) ).
Furthermore, the larger pillars have a clearly defined tip which exceeds the width of main bulk of the pillar; a phenomenon that was also observed with the results from coated inlays and is discussed during the analysis of those results below. Through this scoping exercise we identified the ~100 nm diameter size range as an area of promise where replication quality and consistency might be improved by the introduction of non-adhesive coatings on injection moulder tooling.
Replication of nanopillars with surface coatings
In initial production runs using inlays coated in TPFS only as well as fluorinated SiO 2 and Si 3 N 4 , high levels of successful features were achieved at several different tool/melt temperature combinations as indicated by the bar graph in figure 4 . These results show that all but one of these fluorinated coatings facilitated the successful replication of close to 95% or higher of HAR nanopillars with PC. Fluorinated SiO 2 seemed to perform the best overall with a value of Consistently high success rates were also achieved with pillars of four distinct dimensions at one temperature combination (T w /T m = 90/270 °C) using only SiO 2 coated tooling as indicated in figure 5 . In these results, pillars with designed aspect ratios between ~4:1 and 10:1 were replicated with a success rate of over 99.5% in all cases over the course of 249 injection moulder cycles. SEM imaging, however, shows that pillars were consistently and uniformly stretched to twice their designed height, yielding aspect ratios of over 20:1 as shown in figure 6 . In light of nanopillar achievements reported elsewhere in the literature, it is quite remarkable to achieve aspect ratios of 20:1 especially with a pillar failure rate of less than one in a thousand. It is noteworthy, however, that the pillars with smaller diameter show a decrease in success rate between the 105th and 249th cycle which is statistically significant at the highest aspect ratio.
In light of the promising results shown above, a systematic study was undertaken to assess the performance of 9 different types of tooling coating at two different temperature combinations (T w /T m = 65/260 °C and 80/280 °C) which were chosen because they were the values which corresponded to minimal/maximal stretching in an earlier work [29] . Nanopillar replication was measured in terms of the same success rate metric used above as well as the heights of the replicated HAR nanopillars and the circularity of these features when viewed from above (i.e. how straight they are). Injection speed (v i ) and cooling time (t c ) were kept constant at 50 cm 3 s −1 and 15 s respectively. The 15 s cooling time was chosen so that the PC should be well below T g at the point of ejection, based on simulation data (supplementary information) which shows that nanopillars should be below T g after 8 s and the bulk of the part should follow after about 10.5 s. Figure 7 shows how these 9 types of coating and uncoated tooling performed in terms of the three metrics of height (normalized to pillar height on master), success rate and circularity. Representative SEM images of injection moulded PC pillars are provided to show the morphology of typical pillars replicated using different tooling coatings with lines indicating which coating was used.
Discussion
Looking firstly at the SEM images in figure 7 some excellent results have been obtained in terms of the formation of HAR nanopillars and several unsuitable coatings have been exposed such as fluorinated nickel which gives strange curled pillars ( figure 7(g) ). Although none of the replicated pillars closely resemble the pillars on the stamp ( figure 8, right) , some come close (such as SiO 2 -only and Ni at T m /T w = 260/65 °C, uncoated at T m /T w = 280/80 °C and Ti only at both temperature combinations - figure 7(a, c, i, h and l) respectively) and many of them are very straight and regular and appear to be substantially taller than on the original quartz master. These apparently stretched pillars, such as those in figure 7(b, d, e,  f, h, i, j, k, m, n and p) , tend to have a well-defined tip (circled in figure 8 , bottom right) which is presumably the location where the base of the mould cavity "grips" the polymer, causing stretching of the main bulk of the pillar to stretch as the part is ejected. This effect was previously observed in the experiments documented in an earlier work [29] and in the initial experiments without coatings in this paper. The probable cause of this gripping action is illustrated in figure 8 and is probably the result of increased friction due the lack of a nonadhesive coating at the base of the inlay's HAR nanopits as indicated by the TEM data (figure 2). Also evident are instances of substantial pillar-to-pillar variation ( figure 7(a, e and n) ) which is discussed in more detail below.
Turning the attention to the graphical data in figure 7 , perhaps the most noticeable thing is the effect of temperature on height. This is consistent with previous findings [29] where the increased temperatures made it possible for injection moulded nanopillars to exceed the height of the original quartz stamp by a controlled stretching process. In contrast to those lower aspect ratio pillars (~1:1) which would be fully filled using an uncoated inlay at 260/65 °C, these high aspect ratio structures will not fill beyond around 200 nm (~0.2 normalized) at that temperature combination nor much above 600 nm (~0.6 normalized) with the higher temperatures without the presence of a non-adhesive surface coating. Whether this is due to polymer build-up at the base of holes or just incomplete filling, it is clear that non-adhesive surface coatings are required to fully replicate HAR nanopillars.
In terms of success rate, perhaps more important than height, values above 90% are only seen for the non-fluorinated metal coatings. It is to be expected that Ni and Ti will not facilitate the binding of a TPFS layer because the chemistry does not provide a stable covalent bond to the surface. Aditionally, the HCl produced in the fluorination reaction will react with the metal oxide to produce a chemistry that could explain the poor replication performance in both cases. Furthermore, both varieties of unfluorinated metal fail to facilitate full replication of pillar heights (although nickel comes close) and they have displayed problems of polymer build-up and/or surface damage (supplementary data) which make them unsuitable for the fabrication of usable devices. In general it seems as though TPFS-only and the fluorinated oxide and nitride coatings are the most promising, but substantial refinement would be required to achieve a near 100% success rate and uniform height, before even beginning to consider attempting to perfect the straightness of pillars as measured by circularity.
From direct observation of injection moulded parts produced it is possible to explain some of the variation in the data as highlighted by the error bars in figure 7 . This variation appears to occur on three distinct levels: sample-to-sample variation, millimetre/micrometre scale variation and pillar-topillar variation.
The method by which success rate was measured highlights image-to-image (micrometre/millimetre scale) variability on samples where pillar bending was near the success/failure threshold of a pillar touching its neighbour. Due to the method of characterisation, a small yet critical difference in pillar bending between two images could see one have a close to maximal success rate and the other obtain success rate of zero. Locations on the dataset overview figures with relatively large error bars for success rate may be candidates for this type of variation if they are accompanied by a relatively low value for circularity such as Si 3 N 4 only, SiO 2 only, SiO 2 +TPFS and Ti+TPFS at 280/80 °C. In the case of SiO 2 + TPFS, for example, the success rate error bars are around 20% of the mean value and a non-straight morphology is indicated by a circularity of below 0.7, so the fact that the mean height is greater than that of the stamp suggests that many of these tall pillars were indeed bending to the extent of failure in terms of the criteria for success rate. Without knowing the consistency of coatings over a surface it is possible to call this into question as a possible cause of variability across a sample at the millimetre scale. Although metal evaporation, CVD and ICP deposition are specifically designed to deliver highly uniform layers, the layers they provide are not designed to for the large physical forces subjected to injection moulder tooling. With layers as thin as 10 nm it is not unreasonable to suggest that under injection moulding conditions any weakness in integrity could be readily exacerbated. Variation on the pillar-to-pillar scale is difficult to quantify due to the vast amount of images that would have to be captured in a systematic way and the many parameters that would have to be interpreted by computer analysis. Large volume image processing and machine learning techniques such as those used in, for example, cell biology [48] could be incorporated here, but the amount of SEM time and difficulty of automating an SEM to perform the necessary measurements make such analysis beyond the scope of this project. A likely cause of this type of variation is the consistency of surface coatings on the sub feature size scale, particularly towards the bottom of high aspect ratio cavities in the inlays. This, or a physical deformation at the same location, could increase the friction between the polymer and tooling at the pillar tip, causing it to be stretched more than its neighbours when the part is demoulded. Indeed, it may be a consistent occurrence of such physical inconsistencies that cause the more uniform formation of pillars which exceed the height of those on the stamp (such as those in figure 7(b, f, j, k, m and p) which refer mainly to fluorinated oxide and nitride as well as nickel and TPFS-only at T m /T w = 280/80 °C). The TEM data obtained, such as that presented in figure 2 , would suggest that poor coverage of coatings within holes is a common occurrence.
In comparing the results of the systematic study (figure 7) to those of the smaller ones ( figure 4 and figure 5 ) there is a clear and major discrepancy between them in terms of the success rates achieved. On very important factor that could explain this is cooling time (t c ). For the two datasets immediately above, t c was set to 5 s, but in the large study t c was set to 15 s to ensure that the PC would definitely be below T g . This was based on the simulations presented in the supplementary data which state that the temperature of a 1 µm tall 100 nm diameter pillar should fall below T g about 8 s after injection when using our Cirlex/SU-8 inlays (compared to ~10 -8 s when using nickel inlays). Despite the fact that cooling time did not appear to play a significant role in the earlier work with low aspect ratio pillars [29] , it may be that it does here and/or that the simulation is providing false information about the time at which the PC comprising the newly formed pillars solidifies. Indeed it is hard to think of a way that the pillars could stretch without being above T g , because in their solid state a pulling force at the tip would most likely cause them to snap. If the simulation is incorrect, then the consistency of the two small studies conducted with t c = 5 s could be attributed to uniform pillar stretching, while the large study could be displaying its inconsistencies because t c = 15 s is a critical time point in the cooling process where pillar temperatures are very close to T g and small local variations could cause adjacent pillars/regions to be slightly above and below T g at the point of ejection. A systematic study of cooling time was not pursued because the formation of ultra high aspect ratio (UHAR) nanostructures was successfully achieved, but it would certainly be an interesting parameter to explore in a future extension of this work.
Despite significant variation within the measurements there are some encouragingly high success rates which accompany heights greater than or equal to that of the stamp. These are particularly prevalent with the higher temperature combination with the fluorinated oxide and nitride coatings and, to a lesser extent in terms of height, the non-fluorinated metal coatings. The fluorinated oxide and nitride do not surprise in this regard in light of the promising water contact angle (WCA) and x-ray photon spectroscopy (XPS) results (supplementary data), but the metals raise some questions, particularly given the residue/damage observed (supplementary data). Nickel is well established as a successful tooling material for injection moulding nanopatterns when the features are holes and titanium has been the basis of a recent patent on similar hybrid tooling to that developed in this project [23] . Perhaps these materials require a base level of polymer residue accumulation to provide a favourable surface interaction and may be less prone to damage and bulk residue build up if they existed as something more substantial than a 10 nm layer. It is clearly evident that attempts to apply fluorosilane coatings to either of them have a negative effect on their ability to replicate nanostructures so there may well be a chemistry component to this which has not been considered. Whatever the case may be, the residue/damage shown in supplementary data makes them unfit to be applied to this particular tooling solution where they could not exist as anything other than a thin (< 20 nm) film without obscuring the nanopattern.
Conclusions
A polymer-based heat retardant tooling solution developed in a previous work [29] has been successfully translated to enable the fabrication of UHAR PC nanopillars with diameters of 100 nm and aspect ratios of 10:1 and higher. The realisation of these features does however fall sort of true replication given the stretched morphologies of the injection moulded pillars which do not really resemble those on the stamp. The consistency of pillar height, success rate and circularity seems to be a major issue as shown by the large dataset, but the two smaller studies (figure 4 and figure 5 ) indicate a much higher consistency for success rate (> 99.5%). These discrepancies may be attributable to differences in cooling time, but further investigation would be required to confirm this. Inlay coatings have been shown to affect height, success rate and circularity of UHAR PC nanopillars even though they may not penetrate all the way to the bottom of negative features in the tooling. While there were inconsistencies across the entire coating study there were clearly coatings which outperformed the others; namely: TPFS-only, SiO 2 +TPFS, Si 3 N 4 +TPFS, Ni-only and Ti-only (figure 7). Of these five, the fluorinated coatings seemed to excel more at stretching at the expense of success rate (although this was still generally above 80% at the higher temperature conditions), while the metal coatings might not fully fill UHAR structures, but they tended to have close to 100% success rate. In light of this and the > 93% success rates obtained for fluorinated oxide and nitride and the TPFS-only inlays ( figure 4 and figure 5 ), it would seem that all five have good potential, but the three fluorinated coatings may offer the greatest potential for achieving higher aspect ratios if the heights can be made more consistent. These three also seemed to show promise in terms of the durability metrics of WCA and XPS (supplementary data) and the consistent success rate of SiO 2 +TPFS up to 249 shots (figure 5) is encouraging. Inaccurate replication may be partially explained by the failure of SiO 2 and Si 3 N 4 coatings to cover the interior of holes in tooling as revealed by TEM analysis (figure 2), but the fact that different coatings still affected performance indicates that this is only part of the cause and may not be the norm in all cases.
Potential applications of UHAR nanostructures were not directly implemented, although it is likely that most of the structures produced would exhibit hydrophobic properties if water droplets remain in the heterogeneous wetting state where they only touch the tips of nanopillars. It is also feasible that dry adhesive hair-like structures and non-reflective structures could be realised if a suitable stamp can be fabricated and HAR pillar stretching can be prevented or selectively encouraged as required. Indeed, a future extension of this work could well include attempts to implement structures for particular applications such as these, but a systematic study into the effects of tool/ melt temperature conditions and a solution to the problem of coating conformity should precede this to improve results with the present structures and ease the development of new ones.
This work has documented the successful fabrication of UHAR nanopillars by injection moulding with varying degrees of success and characterized a wide range of parameters that can affect the outcome of this fabrication technique. We have shown that it is possible to mass produce nanopillars with aspect ratios of more than 20:1with success rates of almost 100% as well as revealing areas where inconstancies can arise and identified cooling time and coating uniformity as avenues for future investigation. Furthermore, we have established methods with which to analyse future results and optimise the technique so that injection moulding with heat retardant polymeric tooling may become an established member of the family of high throughput replication based nanofabrication techniques.
